Abstract The effect of arginine vasopressin (AVP) on transepithelial Ca 2+ transport in primary cultures of rabbit cortical collecting system cells was examined. Addition of AVP to the basolateral side of the monolayer dose-dependently (EC 50 = 0.7 nM) increased active Ca 2+ reabsorption from a basal value of 85 ± 2 nmol·h -1 ·cm -2 to a maximum value of 124 ± 3 nmol·h -1 ·cm -2 . This was paralleled by a dose-dependent (EC 50 = 1.1 nM) increase in cellular adenosine 3′,5′-cyclic monophosphate (cAMP) content. Both effects of AVP were mimicked by the V 2 agonist deamino-Cys,D-Arg 8 -vasopressin (dDAVP) and forskolin. Addition of either AVP or dDAVP to the basolateral side evoked a sustained increase in cytosolic free Ca 2+ concentration, which resulted from both Ca 2+ entry and release from internal stores. Only the effect on Ca 2+ entry was mimicked by forskolin, demonstrating that cAMP acts by activating a Ca 2+ influx pathway. The present findings demonstrate that AVP stimulates transcellular Ca 2+ transport in the cortical collecting system through activation of basolateral V 2 receptors coupled to adenylyl cyclase to increase the cellular cAMP content. 
Introduction
The neurohypophyseal hormone arginine vasopressin (AVP) is a key regulator of electrolyte and water transport in the mammalian kidney. Main targets for AVP are the connecting tubule (CNT) and collecting duct, where it controls Na + and water transport, leading to antidiuresis [9, 26, 29] . AVP receptors are classified as V 1 or V 2 receptors and the V 1 class of receptors is further subdivided into V 1a and V 1b receptors [9] . It is well established that AVP controls Na + and water reabsorption through the V 2 receptor. The V 2 receptor is coupled to adenylyl cyclase to stimulate the formation of adenosine 3′,5′-cyclic monophosphate (cAMP). Besides V 2 receptors, V 1a receptors are present in the collecting duct [1, 10, 16, 27] . At present, however, the physiological relevance of this receptor subtype is largely unclear [9] . V 1 receptors are coupled to phospholipase C through the intermediation of a guanine-nucleotide-binding regulatory protein (G protein) to stimulate the hydrolysis of phosphatidylinositol 4,5-bisphosphate, yielding the intracellular messengers inositol 1,4,5-trisphosphate [Ins(1,4, 5)P 3 ], which releases Ca 2+ from internal stores, and 1,2-diacylglycerol (DAG), which activates protein kinase C (PKC).
In rabbit, the CNT and cortical collecting duct (CCD) have also been implicated in active Ca 2+ reabsorption [2, 3, 13, 31, 33, 35] , which is in contrast to the situation in the rat, where the distal convoluted tubule is the main site of Ca 2+ transport [2] . Active Ca 2+ reabsorption is under the control of both 1,25-dihydroxyvitamin D 3 [1, 2 D 3 ] and parathyroid hormone (PTH). 1,25-(OH) 2 D 3 stimulates Ca 2+ reabsorption in a long-term fashion probably through increased expression of calbindin-D 28K [3, 35] . PTH also stimulates active Ca 2+ reabsorption but its effect is relatively fast and paralleled by a rapid increase in cellular cAMP concentration [3, 31] . It is generally believed that cAMP functions as the intracellular messenger in PTH-stimulated Ca 2+ reabsorption [13, 33] .
As for the CNT and collecting duct, it can be concluded that cAMP not only plays a mediatory role in AVP-stimulated Na + and water reabsorption, but also in PTH-stimulated Ca 2+ reabsorption. The intriguing question that arises from this concept is whether the antidiuretic hormone AVP also stimulates active Ca 2+ reabsorption. Therefore, we studied the effect of AVP on active Ca 2+ reabsorption in primary cultures of rabbit cortical collecting system cells. This culture, hereafter referred to as cortical collecting system, consisted of CNT and CCD cells. The cells were isolated by immunodis-section and grown to confluence on permeable supports. In previous studies we have demonstrated that this culture exhibits several functions of the original epithelium, including a net apical-to-basolateral Ca 2+ and benzamilsensitive Na + transport [3, 6, 23] . The data presented demonstrate that AVP interacts with basolateral V 2 receptors coupled to adenylyl cyclase to stimulate transcellular Ca 2+ transport in a cAMP-dependent manner.
Materials and methods

Materials
Collagenase A and hyaluronidase were obtained from Boehringer (Mannheim, Germany). Deamino-Cys, D-Arg 8 -vasopressin (dDAVP) was purchased from Bachem Feinchemikalien (Bubendorf, Switzerland) and [ 3 H]cAMP was from Du Pont (Boston, Mass., USA). Benzamil was obtained from Research Biochemical International (Natick, Mass., USA) and fura-2 acetoxymethyl ester (fura-2/AM) and pluronic F127 were from Molecular Probes (Eugene, Ore., USA). All other chemicals, including [Arg 8 ]vasopressin (AVP) and forskolin, were obtained from Sigma (St. Louis, Mo., USA).
Primary cultures of rabbit kidney CNT and CCD cells
Rabbit kidney CNT and CCD cells were immunodissected from young New Zealand white rabbits (± 0.5 kg) with the monoclonal antibody R2G9 and set in primary culture on permeable (0.4 µm pore size) supports (0.33 cm 2 , Costar, Cambridge, Mass., USA), as described previously [3] . The culture medium consisted of DME/F12 (1:1, v/v) (Gibco, Paisley, UK), supplemented with 5% (v/v) decomplemented fetal calf serum, 50 µg/ml gentamicin, 0.5% (v/v) of a 100x mixture of nonessential amino acids (Gibco), 5 µg/ml insulin, 5 µg/ml transferrin, 50 nM hydrocortisone, 70 ng/ml prostaglandin E 1 (PGE 1 ), 50 nM Na 2 SeO 3 and 5 pM triiodothyronine, equilibrated with 5% CO 2 -95% air at 37°C (pH 7.4). All experiments were performed with confluent monolayers between 5 and 8 days following seeding of the cells. Confluence of the monolayers was routinely checked by determining transepithelial potential difference and resistance with two "chopstick"-like electrodes connected to a Millicell-ERS meter (Millipore, Bedford, Mass., USA).
Determination of transepithelial Ca 2+ transport Confluent monolayers were washed three times and preincubated in a physiological salt solution (PSS) containing (mM) 140 NaCl; 2 KCl; 1 K 2 HPO 4 ; 1 KH 2 PO 4 ; 1 MgCl 2 ; 1 CaCl 2 ; 5 glucose; 5 Lalanine; 10 HEPES/Tris (pH 7.4) for 15 min at 37°C. Subsequently, the monolayers were incubated in PSS (100 µl apical and 600 µl basolateral) for a further 90 min to measure transepithelial Ca 2+ transport. Drugs and hormones were added to either the apical and/or basolateral incubation medium, as indicated in the text. At the end of the incubation period, 25-µl samples were removed in triplicate from the apical compartment and assayed for Ca 2+ using a colorimetric test kit (Boehringer). Under these experimental conditions, apical-to-basolateral Ca 2+ flux was linear with time for at least 3 h [3] . Ca 2+ reabsorption is expressed in nmol·h -1 ·cm -2 .
Determination of cAMP accumulation
In order to assess the effects of AVP and dDAVP on intracellular cAMP accumulation, confluent monolayers were preincubated in PSS containing 1 mM 3-isobutyl-1-methylxanthine (IBMX) for 15 min at 37°C. Drugs and hormones were added to either the apical and/or basolateral compartment, as indicated in the text, and the monolayers were incubated in PSS/IBMX for a further 15 min. At 15 min, the filters were excised and rapidly transferred to Eppendorf microtubes containing 50 µl of 0.2 M HCl to terminate the reaction. The cAMP content in the cell extracts was determined as described previously [3] .
Measurement of the cytosolic free Ca
Cortical collecting system cells, grown to confluence on permeable (0.4 µm pore size) transparent supports (0.33 cm 2 , Costar), were loaded with fura-2 in DME/F12 medium containing 10 µM fura-2/AM, 0.01% (w/v) pluronic F127 and 4% (v/v) decomplemented fetal calf serum for 60 min at 37°C. Subsequently, the monolayer was washed twice with PSS and transferred to a temperature-controlled (37°C) perfusion chamber placed on the stage of an inverted microscope (Nikon Diaphot, Tokyo, Japan). The apical and basolateral compartments were perfused separately with PSS by means of a gravity-controlled superfusion system. Apical and basolateral flow rates were set at 1 and 5 ml/min, respectively. Fluorescence measurements were performed with a long-working-distance objective (Fluor 60x; N.A. = 0.7; Nikon). Dynamic video imaging was carried out with the MagiCal hardware and TARDIS software provided by Joyce Loebl (Tyne and Wear, UK), as described previously [21] . The fluorescence emission ratio at 492 nm after excitation at 340 and 380 nm was monitored. The interframe interval between the ratio frames was 6.4 s. Since absolute Ca 2+ concentrations were difficult to obtain, due to technical problems with ionomycin calibration, fluorescence ratios are reported as a measure of [Ca 2+ ] i [21] . The role of extracellular Ca 2+ was studied using PSS from which CaCl 2 was omitted and to which 0.5 mM EGTA was added.
Statistics
In all experiments the data are expressed as the mean ± SEM. Overall statistical significance was determined by analysis of vari- ance (ANOVA). In the case of significance (P<0.05) individual groups were compared by contrast analysis according to Scheffé. P values of less than 0.05 were considered significant. Half-maximal stimulatory concentrations and maximal transport values were calculated by means of a nonlinear regression computer programme (Kaleidograph, Synergy Software, Reading, Pa., USA).
Results
Transepithelial Ca 2+ transport across confluent monolayers of cortical collecting system cells Cultured cells of the rabbit cortical collecting system, grown to confluence on permeable supports and incubated in the absence of any added stimulus, exhibited a net apical-to-basolateral Ca 2+ flux of 85 ± 2 (n = 51 filters) nmol·h -1 ·cm -2 . Fig. 1A shows that AVP, when added to the basolateral compartment, stimulated Ca 2+ transport dose dependently (EC 50 = 0.7 nM) to a maximum of 124 ± 3 nmol·h -1 ·cm -2 (n = 10 filters) reached at 10 nM. By contrast, AVP did not significantly (P>0.8) affect Ca 2+ transport when added to the apical side of the monolayer (77 ± 5 vs 77 ± 4 nmol·h -1 ·cm -2 in control and AVP-treated monolayers, respectively; n = 3 filters). The stimulatory effect of AVP on Ca 2+ transport was paralleled by a dose-dependent (EC 50 = 1.6 nM) increase in cAMP formation reaching a maximum at 10 nM (Fig. 1B) . The V 2 agonist dDAVP mimicked the stimulatory effect of AVP on Ca 2+ transport (EC 50 = 0.5 nM, Fig. 1A ) and cAMP formation (EC 50 = 1.6 nM, Fig. 1B ). Similarly to AVP, dDAVP was active only when added to the basolateral compartment. The concept of cAMP being the mediator in the action of AVP was supported by the stimulatory effects of the direct activator of adenylyl cyclase forskolin [19] (Fig. 2 ) and the membrane permeable cAMP analogue dibutyryl cAMP (data not shown). At a concentration of 10 µM, forskolin maximally stimulated Ca 2+ transport 1.56 ± 0.07 (n = 9 filters) times over the basal level. This value was not significantly different (P>0.5) from that obtained with a maximally effective concentration of 10 nM AVP (1.51 ± 0.05 times over basal; n = 10 filters). The possibility of stimulated Ca 2+ transport being secondary to stimulated Na + transport was tested using benzamil. At an apical concentration of 10 µM, this epithelial Na + channel blocker [20] significantly (P<0.05; n = 4 filters) increased control as well as AVP-and 10 µM forskolin-stimulated Ca 2+ transport (Fig. 2) . (Fig. 3) . But, whereas in some cells the [Ca 2+ ] i rise was clearly transient (Fig. 3A) , others displayed a sustained increase in [Ca 2+ ] i (Fig. 3B) . Averaging of the individual responses revealed that the latter response pattern was predominant (Fig. 3C) . By contrast, ATP, demonstrated previously to stimulate the release of Ca 2+ from internal stores [23] , evoked a transient increase in [Ca 2+ ] i in each one of the responding cells (Fig. 4) . plete absence of external Ca 2+ both AVP (Fig. 5A) and dDAVP (Fig. 5B) 
Discussion
The findings of the present study are consistent with the idea that in primary cultures of rabbit cortical collecting system cells the antidiuretic hormone vasopressin interacts with basolateral V 2 receptors to stimulate transepithelial Ca 2+ transport in a cAMP-dependent fashion and that this stimulatory action is paralleled by both a cAMP-dependent influx of Ca 2+ across the plasma membrane and a cAMP-independent release of Ca 2+ from internal stores. A current model on the mechanism of action of AVP is depicted in Fig. 7 . The data presented demonstrate that AVP, in addition to PTH [3] , is involved in the short-term stimulatory control of transepithelial Ca 2+ transport in these primary cultures. Together with the recent finding [23] that ATP, acting through P 2u -purinoceptors, rapidly inhibits transepithelial Ca 2+ transport, this suggests that in this model system Ca 2+ transport is under multiple short-term hormonal control. Moreover, evidence has been provided that 1,25-(OH) 2 D 3 is involved in long-term stimulatory control of Ca 2+ transport [3, 35] . The stimulatory effect of AVP on Ca 2+ transport was mimicked by forskolin and dibutyryl cAMP, suggesting that elevation of cellular cAMP in itself can fully explain the stimulatory effect of AVP on Ca 2+ reabsorption. Thus far, it is unclear by which mechanism intracellular cAMP stimulates Ca 2+ transport. However, from the data obtained with the Na + entry blocker benzamil it can be concluded that increased Ca 2+ transport is not secondary to increased Na + entry. On the contrary, the slightly stimulatory effect of benzamil on basal Ca 2+ transport suggests that Na + entry rather exerts a negative feedback on Ca 2+ transport. Similar stimulatory effects of amiloride analogues on active Ca 2+ reabsorption have been reported in literature [12] . One explanation for this finding might be that the activity of the basolateral Na + -Ca 2+ exchanger, which plays an important role in transepithelial Ca 2+ transport [4] , is already inhibited at basal intracellular Na + levels. Another possibility is that Ca 2+ transport is negatively influenced by the transepithelial potential difference.
Using a long-working-distance objective we were, for the first time, able to examine the changes in [Ca 2+ ] i in individual cortical collecting system cells grown to confluence on permeable supports under the condition that both the apical and basolateral compartment were superfused independently. In doing so, it was demonstrated that cAMP stimulates the influx of Ca 2+ from both the apical and basolateral compartment in approximately 80% of the cultured cells, the identity of which is discussed below. But, whereas a stimulatory effect on apical Ca 2+ influx is in agreement with a stimulatory effect on transcellular Ca 2+ transport, this is evidently not the case for a stimulatory effect on basolateral Ca 2+ entry. The physiological relevance of enhanced basolateral Ca 2+ influx is presently unknown. However, it has been speculated that it might play a regulatory role in the various transport activities performed by these cells [4, 7] . Increases in [Ca 2+ ] i , mediated by cAMP and depending on the presence of external Ca 2+ , have also been reported to occur in rabbit CNT [7] and CCD [8] and in rat CCD [15, 32] . Neither removal of apical Na + nor inclusion of benzamil in the apical superfusion medium, both conditions under which the cAMP-mediated influx of apical Na + is prevented, affected the stimulatory effect of cAMP on basolateral Ca 2+ influx. This excludes the possibility that stimulated basolateral Ca 2+ influx is second- ary to stimulated Na + entry; the latter then thought to cause the basolateral Na + -Ca 2+ exchanger to operate in the reversed mode (see Fig. 7 ). These findings are in agreement with those reported by Siga et al. [32] . In contrast, however, Breyer [8] reported that apical withdrawal of Na + completely inhibited the cAMP-induced increase in [Ca 2+ ] i . Thus far, the reason for this discrepancy is unclear.
An interesting finding of the present study is the predominantly sustained nature of the AVP-, dDAVP-and forskolin-induced rise in [Ca 2+ ] i . In contrast, ATP, demonstrated previously to stimulate the release of Ca 2+ from internal stores [23] , evoked an exclusively transient rise in [Ca 2+ ] i . The data presented demonstrate that the sustained phase of the AVP-, dDAVP-and forskolin-induced rise in [Ca 2+ ] i depends entirely on cAMP-stimulated influx of external Ca 2+ . Intriguingly, [Ca 2+ ] i did not return to prestimulatory levels following removal of AVP, dDAVP or forskolin from the superfusion medium. This observation demonstrates that cAMP acts by activating the Ca 2+ influx mechanism in an, at least temporary, irreversible manner. It is tempting to speculate that such activation might involve stimulated fusion of vesicles containing membrane-bound Ca 2+ influx channels with the plasma membrane. A similar mechanism has been proposed for the stimulatory effects of AVP on transepithelial Na + and water transport [9, 17, 25, 30] .
Surprisingly, dDAVP transiently increased [Ca 2+ ] i when added in the complete absence of external Ca 2+ . This effect was independent of cAMP, since it was not mimicked by forskolin. Interestingly, cAMP-independent effects of dDAVP on [Ca 2+ ] i have also been reported for microdissected rat outer and inner medullary collecting tubules [11, 14, 24] . Similarly, AVP evoked a transient increase in [Ca 2+ ] i in the complete absence of external Ca 2+ . But, whereas the effect of AVP can be explained by its interaction with a basolateral V 1 type of receptor, the presence of which has been postulated by Ikeda et al. [18] , thereby stimulating the hydrolysis of phosphatidylinositol 4,5-bisphosphate to produce Ins(1,4,5)P 3 , which subsequently releases Ca 2+ from internal stores, this is, at first sight, not likely to be the case with the selective V 2 receptor agonist dDAVP. However, there is increasing evidence in the literature that a single receptor can couple to more than one effector system [28] . Therefore, rather than postulating another receptor subtype we would like to propose that in cortical collecting system cells the V 2 receptor can also couple to phospholipase C and thus stimulate the release of Ca 2+ from internal stores through the intermediation of Ins(1,4,5)P 3 (see Fig. 7) . A similar dual coupling mechanism has been postulated for the V 2 receptor in the rat medullary collecting duct [11, 14, 24] . Furthermore, Zhu et al. [36] have demonstrated that, when overexpressed in vitro, the human V 2 receptor has the capacity to couple to both adenyl cyclase and phosphoinositide-specific PLC. In addition to Ins(1,4,5)P 3 , DAG, the endogenous activator of PKC, is formed. In recent studies we provided evidence that PKC exerts a negative feedback on Ca 2+ transport [5, 23] . The conclusion to be drawn is that, in terms of Ca 2+ transport, AVP generates both a cAMP-mediated stimulatory signal and a DAG-mediated inhibitory signal.
The primary cell culture used in this and previous studies is derived from rabbit cortical collecting system and consists of at least three cell types designated CNT, principal and intercalated cells. Taylor et al. [34] , using sections of rabbit kidney, have demonstrated that most cells of CNT and initial portion of the CCD contain calbindin-D 28k , which is generally accepted to be indicative of the occurrence of transcellular Ca 2+ transport. Similarly, we have demonstrated that the majority (≈80%) of the cultured cells is calbindin-D 28k positive, whereas the remainder is peanut-lectin positive and, therefore, recognized as intercalated cells [22, 35] . The present finding that AVP and dDAVP increase [Ca 2+ ] i in at least 80% of the individually analysed cultured cells provides functional evidence for the presence of vasopressin receptors on the vast majority of the calbindin-D 28k -containing cells. This cell culture, therefore, offers a unique system to investigate the relationship between AVP-modulated [Ca 2+ ] i and transepithelial Ca 2+ transport.
In conclusion, the present study further substantiates the notion that in the cortical collecting system Ca 2+ reabsorption is under both short-term stimulatory control of receptors, such as the V 2 and PTH receptor, coupled to adenylyl cyclase to stimulate the production of cAMP, and short-term inhibitory control of receptors, such as the P 2u -purinoceptor, coupled to phospholipase C to stimulate the production of Ins(1,4,5)P 3 and DAG. Although evidence has been provided that the inhibitory action by ATP occurs through the intermediation of PKC [5, 23] , it is at present unclear at which level the kinase exerts its inhibitory effect. On the other hand, the data presented in this study are in agreement with the concept that cAMP, and therefore PKA, acts primarily at the level of the apical Ca 2+ entry mechanism. The present finding that AVP activates multiple intracellular signalling pathways opens the possibility that the hormone can differentially regulate the various transport processes occurring in this nephron segment.
